We propose a computational method for generating sequential kinoforms of real-existing full-color threedimensional (3D) objects and realizing high-quality 3D imaging. The depth map and color information are obtained using non-contact full-color 3D measurement system based on binocular vision. The obtained full-color 3D data are decomposed into multiple slices with RGB channels. Sequential kinoforms of each channel are calculated and reconstructed using a Fresnel-diffraction-based algorithm called the dynamicpseudorandom-phase tomographic computer holography (DPP-TCH). Color dispersion introduced by different wavelengths is well compensated by zero-padding operation in the red and green channels of object slices. Numerical reconstruction results show that the speckle noise and color-dispersion are well suppressed and that high-quality full-color holographic 3D imaging is feasible. The method is useful for improving the 3D image quality in holographic displays with pixelated phase-type spatial light modulators (SLMs).
Holography is one of the most important approaches for three-dimensional (3D) imaging due to its capability of recording and reconstructing the wavefronts of 3D objects or 3D scenes. Full-color holographic imaging with panchromatic photosensitive material is now available to record a full-color hologram in one single-layer film [1] . Recently, some electro-holographic displays (EHDs) based on spatial light modulators (SLMs) have been proposed to realize real-time holographic display [2−9] . They are characterized by their capability to load video holograms. When the EHDs are used to display a full-color object, it is necessary to obtain digital holograms containing information of RGB channels. Digital holography is one approach that has been used to obtain full-color holograms [10−16] . Another important approach to generate full-color holograms is computer holography. Lee et al. generated synthetic phase holograms based on iterative Fourier transform algorithm (IFTA) for autostereoscopic full-color 3D imaging [4] . Yamaguchi et al. proposed a method for calculating full-color image-plane holograms [9] . Yoshikawa et al. invented a method to calculate full-color rainbow holograms [17, 18] . Sando et al. calculated full-color holograms based on the 3D Fourier spectra generated from multiple projection images of a full-color 3D object [19] . Makowski et al. proposed a method based on multi-plane iterative algorithm (MPIA) to calculate a single phase hologram, which contains information on the RGB channels of a full-color two-dimensional (2D) object [20, 21] . Among the holograms calculated using the aforementioned methods, phase holograms (e.g., kinoform) have higher diffraction efficiency than amplitude holograms or complex amplitude holograms. This is particularly true with multilevel-phase kinoform, in which the zeroorder and conjugated image can be suppressed during the reconstruction process. This intrinsic characteristic is important to improve the image quality in holographic imaging. Recently, we proposed a computational method based on multiple fractional Fourier transform to generate the kinoforms of 3D objects [22] . Another factor which influences the quality of reconstructed image by use of kinoform is speckle noise. Some optimization algorithms, such as MPIA [21] , IFTA (also referred to as G-S algorithm) [23] , and simulated annealing algorithm (SAA) [24] , have been proposed to generate low-noise kinoforms. However, generating speckle-free kinoforms of a complex full-color 3D object using these optimization algorithms is still difficult.
Color dispersion introduced by different wavelengths in full-color digital holography and full-color computer holography is another important factor influencing the quality of reconstructed image. Some methods have been proposed to suppress this kind of color dispersion, such as image-scaling operation [4] , zeropadding operation [10, 12, 13] , recording/reconstruction distance modification [12, 14] , and reconstructing wave-front modification [14] . In this letter, we introduce a method using dynamicpseudorandom-phase tomographic computer holography (DPP-TCH) and zero-padding operation to calculate the sequential multilevel-phase kinoforms of the RGB channels of real-existing full-color 3D objects in order to realize high-quality holographic 3D imaging. The qualities of the numerically reconstructed images are also evaluated.
The simulated model of DPP-TCH for RGB kinoform generation of full-color 3D objects is shown in Fig. 1 . A full-color 3D object can be decomposed into multiple slices with RGB channels. For simplicity, we take a fullcolor 3D object composed of two slices as an example (a lotus and a lily placed at d 1 = 300 mm and d 2 = 450 mm, respectively) to demonstrate the proposed method. Note that the model could be extended easily to generate kinoforms of complex 3D objects composed of more than two slices. According to the Fresnel diffraction theory, the complex amplitude in the hologram plane contributed by the wavefront of a certain color channel of the ith object plane is described as
where λ is the wavelength used for generating sequential kinoforms of the corresponding channel, k = 2π/λ; d i denotes the recording distance between the ith object plane and hologram plane; i = 1, 2, 3, · · ·, L (L is the total number of object slices); A i (x i , y i ; λ) denotes the amplitude of the corresponding channel of the ith object plane; ϕ t (x i , y i ) is the pseudorandom phase used for smoothening the spectrum of object wave in generating the tth kinoform; t = 1, 2, 3, · · ·, T (T is the total number of kinoforms in each channel). ϕ t (x i , y i ) is randomly assigned in the range [0, 2π] and follows a uniform distribution. ϕ t (x i , y i ) is invariant in the process of calculating one kinoform, but is generated randomly again in another kinoform calculating process. The whole complex amplitude in the hologram plane contributed by all the slices of the full-color 3D object during the tth kinoform calculation is expressed as
where L is the total number of slices of the full-color 3D object. The tth kinoform of the corresponding color channel is described as
where arg[·] denotes the argument of the complex amplitude. The reference wave is not necessary in the process of kinoform calculation. Under this setting, the zeroorder in the reconstructed image introduced by the reference wave can be suppressed. In the reconstruction process, the complex amplitude in the ith image plane from the tth kinoform is expressed as
where R(ξ, η; λ) denotes the reference wave for reconstruction. Moreover, in the reconstruction process, the reference wave is required to illuminate the kinoform but does not introduce zero-order in the reconstruction process because the kinoform only contains the argument of complex amplitude of object wave in the hologram plane. The complex amplitudes reconstructed from the T kinoforms of the corresponding color channel are superposed to form a speckle-free image according to
Compared with digital filtering methods for suppressing speckle noise of digital images, the averaging approach is effective in suppressing speckle noise in both numerical reconstruction and optoelectronic reconstruction.
In the process of numerical reconstruction or optoelectronic reconstruction based on pixelated SLMs, the kinoform calculation formula described in Eq. (1) can be discretized as
and Eq. (4) can be rewritten as
where (∆x i × ∆y i ) and (∆ξ × ∆η) are the pixel sizes of the ith object plane and hologram plane, respectively; (∆x The relation between the resolutions of the ith object plane (or image plane) and the hologram plane (SLM) is described as [25] ∆x i = ∆x
and ∆y i = ∆y
Thus, the width and height of the reconstructed image in the corresponding color channel are determined by λd i /∆ξ and λd i /∆η, respectively.
To superpose the three-channel reconstructed images perfectively and form a dispersion-free full-color 3D image, and for uniform detail resolutions in the RGB channels of 3D object, the pixel sizes (∆x i × ∆y i , i.e., the sampling intervals) in the RGB channels of the ith object plane should be set the same. Hence, in this letter, we introduce zero-padding operation to make the pixel 040901-2 size (∆x ′ i × ∆y ′ i ) of the reconstructed full-color image independent of wavelengths. The relationship between sampling numbers and corresponding wavelengths in the RGB channels can be expressed as
The relationship indicates that a larger number of sampling points in the object plane is needed for the longer wavelength used, which results in redundant marginal districts in the red and green channels. These marginal districts are padded with zeros. The central valid district of full-color information is determined by the sampling number of the blue channel. In this letter, the wavelengths of the RGB channels are set as 635 nm (λ R ), 532 nm (λ G ), and 473 nm (λ B ), and we suppose that the sampling number (M R × N R ) of the red channel is 1024×768 (pixels). Thus, according to Eq. (10), the sampling number of the green and blue channels are 858×643 pixels and 763×572 (pixels), respectively.
To realize holographic imaging of real full-color 3D objects with the proposed method, we use a non-contact full-color 3D measurement system based on binocular vision to obtain the color information and depth map of a full-color 3D object (Fig. 2) . Maximum depth value in the depth map is 210 mm. The distance of the base-plane (i.e., black background shown in the depth map) to the hologram plane is set as d 0 = 500 mm. The obtained depth map is then decomposed into multiple object slices with a constant small depth interval of δ (δ = 0.1 mm) in the depth direction. During the RGB kinoform calculation process, the depth values of the points belonging to the ith object slice can be reset as iδ because of δ ≪ d 0 − iδ. Supposing that L is the total number of object slices, then the distance d i from the ith object slice (i = 0, 1, 2, 3,· · ·, L-1) to the hologram plane is d i − iδ. Color information of the object points of the ith object slice are obtained from the corresponding points in Fig. 2(b) . The pixel size in the hologram plane is set as 8×8 (µm).
We can then obtain the sequential kinoforms of RGB channels of the full-color 3D object from multiple object slices according to the calculation model shown in Fig. 1 . To generate a single kinoform with a pixel number of 1024×768, the calculation time is approximately 2 min using a personal computer with a central processing unit (CPU) working at 2.5 GHz and memory of 2 GB. Figure 3 shows the reconstruction results from the RGB kinoforms with different reconstruction distances when T = 1 and T = 20, respectively. When the reconstruction distance is changed slowly from 290 to 350 mm, the corresponding object slice is clearly in sharp focus when the recording distance is equal to the reconstruction distance. Specifically, a full-color 3D image of the real fullcolor 3D object can be reconstructed with the proposed method.
In addition, we also note that the speckle noise is well suppressed and the detail resolution is improved when T = 20 (see Figs. 3(c) and (d) ). We introduce the speckle index (SI) to evaluate the retrieval level of detail resolution of reconstructed image. The SI of the reconstructed image in the each channel is defined as
σ(m, n; λ) µ(m, n; λ) ,
where σ(m, n; λ) and µ(m, n; λ) are the standard deviation and mean value of the p × q neighborhood (p = q = 3) of a reconstructed image point P (m, n; λ), respectively.
General quality of the full-color reconstructed image can be evaluated by calculating the averages of SIs in the RGB channels. It is expressed as
The SI is about 0.5 in Figs. 3(a) and (b), and decreases to about 0.2 in Figs. 3(c) and (d) . Little color shifts in the reconstructed images are still noticeable and are introduced mainly by the reconstruction errors from the RGB kinoforms. Image qualities of the reconstructed full-color images can be further improved when their color shifts are well suppressed by calculating more kinoforms into each channel to further suppress the effect of speckle noise. Moreover, it follows the speckle theory by supposing that the independent speckle patterns suppress speckle noise, that is, the SI of the reconstructed image decreases slowly with the increase in the number of kinoforms and tends to a state level. 
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With the sequential kinoforms of the RGB channel of 3D objects generated by the proposed method and the combined use of time division multiplexing (TDM) or spatial division multiplexing (SDM), we can realize highquality optoelectronic reconstruction of full-color 3D objects based on phase-only SLMs. This type of phase-type SLMs with a refresh rate of 180 Hz or faster is available commercially. The improvement of the refresh rate of phase-type SLM will be very useful in realizing highquality full-color electro-holographic 3D displays with the use of RGB kinoforms calculated by the proposed method.
Another important factor which influences the image quality of full-color EHD is the chromatic aberration introduced by the diffraction characteristics of pixelated SLMs and other optical elements. Chromatic aberration should be carefully compensated in order to realize highquality full-color electro-holographic 3D displays. Our future work will be on the chromatic aberration compensation for a full-color 3D holographic display system with the RGB kinoforms calculated using the proposed method in this letter to finally realize high-quality fullcolor holographic imaging of full-color 3D objects.
In conclusion, a computational method is proposed for realizing high-quality full-color 3D holographic imaging. We decompose full-color 3D object into multiple slices with RGB channels, and calculate multiple kinoforms of each channel using DPP-TCH. Color dispersion introduced by different wavelengths is also compensated by zero-padding operation in the red and green channels of object slices. High-quality full-color 3D image is reconstructed with speckle noise and color-dispersion is well suppressed. The method is also useful for realizing highquality full-color holographic 3D displays with pixelated phase-type SLMs.
